ABSTRACT DNA polymerase (3 (pol (3) is a constitutively expressed DNA repair enzyme in vertebrate cells. Yet, it had been shown previously that the polJ3 mRNA level increases in Chinese hamster ovary (CHO) cells within 4 h after treatment with several monofunctional DNA damaging agents, notably,
by MNNG treatment of CHO cells; mRNA from the transfected gene is -10-fold higher in treated cells than in untreated cells 16 h after treatment. This activation is mediated through the decanucleotide palindromic element GTGACGTCAC at positions -49 to -40 in the "TATA-less" core promoter. This element, which is similar to the ATF/CREB transcription factor-binding site in a number of mammalian genes, forms the center of a strong protein-binding site for CHO cell nuclear extract proteins. Mutated pol (3 promoter fusion genes lacking the element fail to bind protein at this site and fail to respond to MNNG treatment of cells.
DNA polymerase /3 (pol /3) is a vertebrate DNA repair enzyme considered to be involved in "very short-patch" DNA synthesis during both mismatch repair (1) and correction of damaged residues after exposure ofcells to monofunctional DNA damaging agents, such as N-methyl-N'-nitro-Nnitrosoguanidine (MNNG) or methyl methanesulfonate (2) (3) (4) (5) (6) (7) . In several cultured cell systems, pol /3 protein and its mRNA are constitutively expressed as a function of the cell cycle and of growth stage (6) (7) (8) . Yet, pol , / mRNA level is rapidly induced -4-to 5-fold in Chinese hamster ovary (CHO) cells after exposure to MNNG or methyl methanesulfonate (9) . This mRNA induction was not associated with an increase in pol /3 protein for reasons that have not yet been investigated. The increase in mRNA level, however, is likely the result of transcriptional activation, at least in part, since transcription is required for the induction as revealed by actinomycin D experiments (9) .
The model pol /3 promoter that we used was cloned from the single-copy gene on human chromosome 8. By transient expression assays, full promoter activity of the 5' flanking region was localized within the first =100 nucleotides, termed the core promoter (10) . This sequence does not have "TATA" or "CAAT" elements but does have three GC boxes and the decanucleotide palindromic sequence GT-GACGTCAC at positions -49 to -40. This palindrome is similar to a regulatory element (enhancer) in several adenovirus promoters and to the cAMP-responsive element (CRE) in many cellular genes for which transcription is regulated by changes in the cellular level of cAMP. 
MATERIALS AND METHODS
Plasmids. p,/P8 and its derivatives were the pol (-CAT fusion plasmids as described (10) . The plasmid for the herpes simplex virus thymidine kinase (TK) promoter-CAT fusion construct was pBLCAT2 (19) ; the chimeric plasmid construct with one copy of the pol /3 palindromic element oligonucleotide in the TK promoter construct was variations due to differences in transfection efficiencies. To obtain the CAT level values for the experiment in Fig. 1 , actual CAT values were multiplied by (3-galactosidase level correction factors for control and MNNG-treated cells, respectively, as follows: 4 h, 3 and 3; 6 h, 1.6 and 2.9; 8 h, 2.9 and 1.8; 10 h, 2.8 and 1.7; 12 h, 1.8 and 1.3; 14 h, 1.3 and 1.9; 16 h, 1.7 and 1.5. Treatment with other DNA damaging agents also was conducted. Beginning 24 h after transfection, control dishes were maintained in culture while other dishes were treated with mechlorethamine hydrochloride (HN2) at 40 AuM or cis-platinum(II) diammine dichloride (cis-Pt) at 45 pkg/ml. These agents were removed after 4 h by changing the medium. Another set of dishes was treated with x-rays (1200 rads; 1 rad = 0.01 Gy) for 11 min and then refed with medium. Additional dishes were treated with 400 ,uM H202 for 1 h, heat-shocked for 9 min at 45.50C, or treated with phorbol 12-myristate 13-acetate (PMA; 30 ng/ml) for 2 h. After treatment with each of these agents, the transfected cells were allowed to grow for 16 h before harvesting.
DNase I and S1 Nuclease Protection Assays. Wild-type and mutated pol 3 promoter fragments were assayed for DNase I digestion patterns (17) . DNA fragments from the promoter region were derived from the relevant constructs described in Table 1 , and the DNA damaging treatment of CHO cells with MNNG was as detailed above. Preparation of nuclear extracts and DNase I footprinting assays were performed as described (17) . Total RNA from cells was prepared and analyzed by S1 nuclease protection as described (10) .
RESULTS
To examine the effect of MNNG treatment on pol (3promoter activity, CHO cells were transfected with a human pol ( promoter-CAT fusion gene construct (p(P8) and held in culture for 20 h. Half of the cultures then were treated with 30 ,uM MNNG and the other cultures were held as controls; this level of MNNG has been shown to cause a 4-fold increase in pol ( mRNA level in these cells. CAT levels in the MNNG-treated cells were higher than in control cells ( Fig. 1) and reached the highest level about 12 h after treatment. CAT levels in these experiments were measured relative to ,B-galactosidase levels in the same extracts; this latter enzyme was expressed from a reference plasmid containing the simian 21 18 15-< 12-9-virus 40 promoter linked to the Escherichia coli (-galactosidase gene, and co-transfection with this plasmid was conducted as a precaution to eliminate any differences due to transfection efficiency.
Analysis of the effect of MNNG treatment on actual pol 3-CAT fusion gene mRNA level and start site(s) is shown in Fig. 2 . For treated and untreated CHO cells, the transcript from the pol (-CAT construct had been initiated at the correct start sites, based upon earlier experiments with the pol (3 promoter in human cells (10) . The level of transcript is much higher (=10-fold) in MNNG-treated cells than in untreated cells, as expected from the results of CAT level measurements shown in Fig. 1 .
The specificity of pol (3 promoter activation was examined in the experiment shown in Fig. 3 . The experiment was conducted with the perspective that treatment with several well-known DNA damaging agents, including x-ray and nitrogen mustard (HN2), does not lead to an increase in pol (3 mRNA level in these cells (9) . We found a similar pattern for activity of the transfected promoter (Fig. 3) . Thus, treatment with HN2, cis-Pt, and x-ray failed to activate the promoter, whereas H202 treatment gave an activity intermediate between that found with control cells and MNNG-treated cells. Stress induction by heat shock or PMA treatment failed to activate the promoter.
The human pol P promoter does not have an obvious TATA element, and a key feature required for the activity of the cloned pol P promoter is the decanucleotide palindromic element GTGACGTCAC at positions -49 to -40 (10). This element is the center of a strong protein binding site for nuclear extract proteins of mammalian cells (17, 18) and is the recognition element for a sequence-specific DNA binding protein purified from bovine tissue (18) . This decanucleotide element is very similar to an element, TGACGTCA, that is part of the ATF protein binding site in several promoter systems and that confers cAMP responsiveness to several promoters (10) . We investigated the question of whether this element in the context of the pol (3 promoter could be the target for mediation of the MNNG activation. Mutated pol , ( promoter-CAT constructs (10) were examined. Each contained an alteration in the palindromic element but was otherwise identical with p(3P8 (Table 1 -114 to -51), but not the palindromic element at positions -49 to -40, failed to abolish the MNNG stimulation even though basal activity and MNNG-stimulated activity were lower; note that the magnitude ofthe MNNG activation is the same as with the wild-type promoter. Further 5' truncation through residue -43 lowered the basal activity to =6.7% that of wild type and completely abolished the MNNG activation.
Finally, MNNG treatment failed to activate a chicken P-actin promoter construct, which was tested as a reference. We conclude from these results that the palindromic element in the pol f promoter is required for the response to MNNG treatment.
To examine whether the palindromic element can impart DNA damage responsiveness to another promoter, we created a chimeric construct with a synthetic 24-residue oligo- Biochemistry: Kedar et A damage-responsive element in the sense that MNNG activation of a cloned pol p promoter in CHO cells requires the motif. To examine the mechanism of this promoter activation, we conducted DNase I footprinting studies with nuclear extracts from both untreated and MNNG-treated CHO cells. It is clear that the ATF/CREB palindrome forms the center of a strong protein binding site in the promoter (Fig. 5A) (17) . This DNase I footprint was not observed with the activationnegative mutated promoter of pf3P8*A (Fig. 5B ) but was seen with a truncation mutant pP3P9 that retains the palindrome and the ability to respond to MNNG activation (Table 1) . Thus, the MNNG response correlates with and probably is mediated through proteins binding to the palindrome and surrounding residues. However, binding to this site with the wild-type pol p promoter is qualitatively similar for extracts for untreated and treated cells (Fig. 5 A and C) . Therefore, some alteration in properties of the palindrome binding protein(s) may occur after MNNG treatment, rather than a change in the amount of the DNA binding protein(s). Alternatively, an individual member of the ATF/CREB protein family (11-16, 21, 22) may be induced to bind to the palindromic element in place of other constitutive palindrome binding protein(s).
DISCUSSION
In the present study, we used the transient expression approach with the CHO cell system to identify an element in the core pol , promoter that mediates a positive response to certain types of DNA damaging agents. This element is the ATF/CREB site located near the major transcription start site. This is the first example, to our knowledge, of the involvement of the ATF/CREB site in a DNA-damageresponse pathway and is of particular interest because regulation and action of proteins binding to this site are subjects of broad investigation (11-16, 17, 18, 21, 22) and also because at least two other human DNA metabolism genes contain ATF/CREB sites in their core promoters, proliferating-cell nuclear antigen and DNA polymerase a (23, 24) . It is conceivable that low levels of certain types of DNA (14) . The probe was a 5'-labeled pol insert in pp9P8 (A), p/3P8*A (B), or pBP9 (C). Experiments were conducted as described (14) . Lanes: 1, bovine serum albumin at 100 Eg; 2, CHO nuclear extract at 100 gg; 3, MNNG-treated CHO cell nuclear extract (100 ug). Sequence elements in the core promoter (10, 14) are noted to the left of each panel, and the approximate region protected from DNase I (17) is noted to the right in A and C. Palindrome refers to the ATF/CRE palindromic sequence GT-GACGTCAC, and GC box refers to GCCCCGCCCC.
can overexpress the pol ,8 gene, and perhaps other genes, in response to higher levels of DNA damage (25) .
A positive transcriptional response after DNA damage in mammalian cells has been documented for several genes (26) (27) (28) (29) (30) (31) (32) . UV damage, for example, is followed by induction of c-fos and collagenase genes, which are responsive to activation of protein kinase C. These genes have regulatory sequences that are believed to mediate the response to agents that induce protein kinase C activity. Thus, the AP-1 transcription factor binding element, TGACTCA, has been found to mediate response of the collagenase gene to protein kinase C activation after UV damage ofcells (for review, see ref. 29 ).
This response pathway probably involves a set of DNA binding proteins different from those binding to the pol (3 ATF/CREB site. The latter proteins in crude nuclear extracts (17) and in purified form (18) 
